Introduction
Several time and temperature experiments had been performed to determine the rate and activation energy of dissolution of an actinide glass known as M C m Target. These first studies, whose results are contained in an earlier report' , substantiated a power law relation for the dissolution rate of the actinide glass. However, these earlier experiments raised questions about the time and temperature dependence of the dissolution rate. So another series of tests with both time and temperature variation were performed to supplement the earlier data. The new and old data were combined and then analyzed to help understand both the time and temperature effects on the actinide glass durability. In addition, there was interest in knowing how the M C m Target glass durability varied with respect to the actinide loading in the glass. The concern over actinide loading was based on Oak Ridge National Laboratory's processing ability to recover the M C m isotopes from the glass once it arrived at their facilities. In response to our customer's needs, a series of experiments were performed to investigate the dependence of the M C m Target glass durability on different actinide loading. All the experiments were performed using the Product Consistency Test developed at WSRC and discussed in the next section.
Product Consistency Test Description
Product Consistency Tests (PCT Test Method B) were performed on Am/Cm Target and Approved Reference Material (ARM) glasses at WSRC Savannah River Technology Center (SRTC). The PCT's were done according to the requirements in the American Society for Testing and Materials (ASTM) Test Method Determining Chemical DurabiZity of Nuclear Waste Glasses: The Product Consistency Test (PCT)2 .
Tests were performed on the A d C m Target and the Approved Reference Material (ARM) glasses in triplicate for various time periods and temperatures. Duplicate water blanks were run for each time and temperature. Table I lists the s ilica (Si) and boron (B) leachate concentrations zeroed against their corresponding blank samples. Table I1 lists the oxide compositions of the M C m Target (ACT) and ARM-1 glasses. Each glass was ground using a Tekmar grinder with tungsten carbide blades. The ground glass was then sieved and a 100-200 mesh size collected in a beaker. The glasses were then washed by forcibly adding 15-20 ml of de-ionized water to the beaker and then decanting. This process was done three times. The glasses were also washed twice by forcibly adding 15-20 ml of de-ionized water, placing the beaker in an ultrasonic water bath for two minutes and then decanting. The process was repeated with ethyl alcohol. The glasses were then placed in a convection oven over night to dry.
Teflon@ vessels were then prepared to receive the dried samples. First, the vessels and lids were cleaned by soaking them in 0.16M Nitric Acid (HNO3) at 90°C 1 10°C for approximately one hour on a hot plate. These items were then rinsed with de-ionized water. The vessels were then soaked in fresh de-ionized water at 90°C 1 10°C for about an hour on a hot plate. The vessels were filled 80% full with de-ionized water (PH 5.0-7.0), capped, and placed in a convection oven at 90°C 1 2°C for 16 hours. The pH values of the water after the 16 hour period were still between the pH 5.0 -7.0 range. Approximately 3.5 grams of each glass were then added to the cleaned Teflon@ vessels and their weights recorded.
An Orion pH meter was calibrated using 4,7, and 10 pH buffers. De-ionized water was collected at an electrical resistivity of 18 megaohmsecm and then a pH measurement was taken. The initial pH of the ASTM Type 1 water was 6.6. Approximately 35 grams of the de-ionized water was then added to each vessel and a total weight of the vessel, water, and glass was recorded. The vessels were capped using a CEM@ capping station and then placed in a Blue M convection oven at the desired temperature within +/-2°C. The following day, the vessels were removed and checked to make sure that they were still tightly sealed. The oven temperature was monitored at half an hour intervals during the course of the study, using an Omega Thermocouple Thermometer.
After each test period was complete, the appropriate vessels were taken out of the convection oven and allowed to cool. The vessels were weighed and the weight recorded. All of the samples had a weight loss of less than 1% over the course of the study. Each vessel was then uncapped and a pH taken. The final pH of the leachate solutions ranged from 5.0-7.5. The final pH levels of the ARM glass standards were 10.22, 10.26, and 10.27.
Sterilized syringes and filters were used to filter the leachate into pre-sterilized vials. A total of 20 ml was filtered into each vial and then 200 ml of ultrapure nitric acid was added. The samples were then submitted for elemental analyses on an Inductively Coupled Plasma-Atomic Emission Spectrometer (ICP-AES). Elements analyzed in the blanks, ARM glass standard, and Am/Cm glass leachates included silicon (Si), lead (Pb), boron (B), aluminum (AI), neodymium (Nd), barium (Ba), europium (Eu), lanthanum (La), and cerium (Ce). Silica and boron leachate analyses base-lined to the blank samples are shown in Table I . In the next section, dissolution rates are calculated from the data shown in Table I .
Dissolution Rate Calculation
Data obtained from the PCT Tests were analyzed to determine the dissolution rates of the A d C m Target and ARM Glasses. The dissolution rate equation can be written as:
where C is the concentration at time t, Co is the concentration at to, t is the time in days, to represents 7 days, and G is the logarithmic release rate.3 This rate model is based on the doctorate research of W. G. Ramsey and is supported by similar models in the literature.4 The term G gets its name from its derivation by plotting the log of concentration ratios versus time ratios. More specifically, G is found by plotting ln(C/Co) versus ln(t/to). In these studies, the concentrations were represented by the AES-ICP ppm analyses. To compare the Am/Cm Target glass against the ARM glass, the concentrations of silica and boron were examined. These elements are good indicators of glass durability. The log-log plots for the Am/Cm Target and 3Ramsey, W. G., Glass Dissolution Chemistry of the System Na2O-B203-Si02-A12Oj-Fe203-CaO, Ph.D. 
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Figure 10. PCT ARM boron data at 120°C. In(Co/Co)] or [O,O] . The slopes of the fitted lines are the logarithmic rate terms (G). These rate terms plus or minus their 95% confidence limits are listed in Table I11 .
From these temperature studies, it appears that the dissolution rate changes in response to temperature. To incorporate this temperature effect, assume the logarithmic dissolution rates (G) found above are only a function of temperature. Now integrate the dissolution rate equation (1) over constant temperature to give:
where CO is the concentration of an element at time to, G(T) is the logarithmic release rate for the element as a function of temperature, and t is the elapsed time. From the limited data points available, simple polynomial fits can be made to the logarithmic rate temperature data of Table  111 . These fits are shown in Figures 13 and 14 where the 95% confidence limits of each point are shown as error bars.
A ACT-Boron 1 Figure 13 . Logarithmic rate temperature dependence for A d C m Target (ACT) glass. Based on the accuracy of the data, the following fits are assumed for the logarithmic rates between 90°C and 180°C:
Please note that these fits are based on a limited set of data and only approximate the observed behavior for this study. The logarithmic rate equations should not be applied outside the tested temperature range without performing more experiments. Other types of fits could be used but the quadratic equations most simply represent the observed behavior. The idea of the logarithmic rate (G) being a function of temperature is supported by the activation energy study conducted in an earlier experiment'. In that study the log of the PCT concentrations were plotted against the reciprocal of absolute temperature to determine activation energies for the dissolution process. The data collected in this study was added to that earlier data and these plots were redrawn for silica and boron releases in Figures 15 and 16 . These plots again show that at higher temperatures the A d C m Target dissolution rate levels off or its activation energy decreases while the ARM dissolution increases or its activation energy increases. This behavior is also evident from the plots of the logarithmic rates G in Figures 13 and 14 . The logarithmic rates for the M C m Target glass are concave or go through a maximum while the logarithmic rates for ARM are convex or go through a minimum.
Using Equation 2 with the logarithmic rates defined in Equations 3 through 6,3-D surfaces of the silica and boron leachate concentrations in terms of temperature ("C) and time (days) were constructed for the Am/Cm Target and ARM glasses. Figures 17 and 18 show the silica leachate response for M C m Target and ARM glass, respectively. The symbols in the figures indicate the real data while the surface is generated from the power law dissolution model. Figure 19 shows an overlap of the M C m Target and ARM silica dissolution models. Figures 20 and 21 show the boron leachate response for M C m Target and ARM glass, respectively. Figure 22 shows an overlap of the M C m Target and ARM boron dissolution models. From the plots, one can see that the M C m Target glass is more durable over a given temperature range and time period than ARM glass. In fact, the leachate concentration of boron and silica for M C m Target goes through a maximum value whereas ARM goes through a minimum. The ARM glass leachate concentrations increase with both time and temperature at a faster rate than the A d C m Target glass. These results should not be extrapolated beyond the tested data range but certainly indicate that M C m Target is a stable glass in terms of time and temperature response compared Temperature ("C) Temperature ("C) tho Figure 22 . Boron leachate response for Am/Cm Target (ACT) and ARM glasses where to is 7 days.
Durability DeDendence on Lanthanide Loading
Surrogate samples were made up at SRTC labs to represent various lanthanide weight percent loading in the M C m Target glass used to vitrify the americium/curium at WSRC. Previous studies on the durability and suitability of the Am/Cm Target glass for this project are given in an earlier report'. The surrogate samples were analyzed for elemental content using Inductively Coupled Plasma-Atomic Emission Spectrometer (ICP-AES). From the elemental analyses, the oxide content of the glass samples were then deduced. The compositional data along with other property data for the samples are shown at the end of the report in Table IV. Sample 0 represents a glass composition termed Frit 2000 that was mixed with various amounts of lanthanide to form the other glass samples 1 through 9. Frit 2000 was developed in cooperation with Ferro Corporation to be able to form glass with the current actinide and lanthanide contents of materials on site. At the bottom of Table IV are the weight percent of lanthanide oxides (LnOx) that were added to the frit to form each glass and the total lanthanide oxides present in each glass. Density measurements were performed on these same glass samples to determine the relationship between density and lanthanide loading and are shown in Table IV . These glass samples were also subjected to the ASTM C 1285 Product Consistency Test (PCT) to determine the effect of lanthanide loading on durabilitys. This procedure is described in detail earlier in this report. To summarize, PCT basically consists of crushing and sieving the glass to -1 00 to 200 mesh, adding ASTM type 1 water, and placing the sample in a sealed container in a oven at a desired temperature for a certain length of time. After the PCT, the samples were submitted to SRTC labs for elemental analyses on an Inductively Coupled Plasma-Atomic Emission Spectrometer (ICP-AES). 
